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Abstract: Environmental stressors have the potential to induce perturbations in the development of
young individuals, leading to aberrant and unstable development. This may manifest as fluctuating
asymmetry (FA; small, non-directional changes in the bilateral symmetry of morphological traits).
Although widely regarded as a proxy for stress effects, the use of FA as a biomarker is still a topic of
much debate. We investigated the applicability of FA as an indicator of nutritional stress (brought
about by energetic constraints) by experimental manipulation of the diet composition and quantity
during the growth of Lesser Black-backed Gull (Larus fuscus) chicks. FA as an endpoint was measured
across the tarsus, wing and 10th primary feather when chicks reached 30 days of age. Although levels
of asymmetry were found to increase with stress in the feather, relationships with tarsus and wing FA
were mixed and mostly non-significant. Furthermore, we did not find any correlations in unsigned
FA between traits, indicating the absence of organism-wide asymmetry. Our study was therefore
unable to find unequivocal evidence in support of the application of FA as a reliable estimator of
nutritional stress.
Keywords: fluctuating asymmetry; Larus fuscus; nutritional stress; energetic constraints; biomarkers
1. Introduction
Natural populations of plants and animals face increasing levels of environmental stress due
to anthropogenic activities, and there is hence a growing need to monitor these stress impacts.
Biomarkers, defined as functional measures of exposure to stressors [1], are important tools in this
respect, developed and applied by ecologists for the conservation and management of biological
systems. Fluctuating asymmetry (FA), which refers to small, random deviations from perfect symmetry
in bilateral traits [2], is one commonly used marker of stress. Since both sides of a bilateral trait are
normally under the control of the same genome and exposed to the same environment, FA results
from the inability of an individual to buffer against perturbations during its development [3]. These
perturbations act locally at a cellular level, their effects accumulating on the left and right sides
separately to bring about aberrant growth and asymmetry [4]. A high level of FA may therefore
indicate exposure to stress, which led to the loss of developmental stability [5].
FA as a marker of stress has been credited with being low cost, non-lethal and easy to use [6,7];
moreover, it is one of the few markers where the norm (i.e., perfect symmetry) is known [8]. It is also
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widely assumed to be negatively related to components of fitness such as growth and longevity [6].
Furthermore, FA has been proposed to have a higher sensitivity to stress effects than these fitness
components, making it detectable in individuals in response to stress before the corresponding decrease
in fitness [9]. It therefore has the potential to be an early warning system for the implementation of
mitigation measures [10]. However, the application of FA as a biomarker is still under much debate and
controversy. While several hypotheses have been proposed, the underlying mechanisms producing
developmental instability and FA are yet to be completely understood [6]. This might be one reason
why relationships between FA, stress and fitness components have often been found to be trait, stress
or organism-specific [11], with varied and often contrasting results obtained across different studies
(see [12]). FA measured on a single trait is also shown to have weak and heterogeneous relationships
with stress [13].
Despite these drawbacks, FA continues to be a popular indicator of stress and proxy for fitness,
and has been used across various animal groups. For birds, nutritional stress during development
can incur an important fitness cost; it may create energetic deficits in an individual, leading to a
scenario where growth and other more vital functions are prioritized over developmental stability [14].
Food deprivations have hence been associated with higher levels of asymmetry in various bird
species [14–16]. Poor diet quality with nutritive deficiencies may also lead to increased FA [17].
As stated before, however, FA-stress relationships are not always consistent; Vangestel and Lens [18], for
instance, did not find increased FA levels in the tarsus and rectrix of House Sparrows (Passer domesticus)
under nutritional stress. Clearly, more research is needed; as correlational field studies can be
confounded by uncontrolled environmental factors, experimental manipulations of stress may be a
more powerful method for the study of FA.
This paper experimentally assesses the suitability of FA as a biomarker of nutritional stress,
particularly in young seabirds. Food stress has become especially relevant for this group of birds
in European seas in light of the recent reform of the EU Common Fisheries Policy [19], aimed at
gradually phasing out the practice of discarding bycatch by fishing vessels. This ‘discards ban’ could
affect populations of scavenging seabirds that are dependent on fishery discards as a food source [20].
Preliminary studies have suggested that lowered availability of discards is likely to produce an overall
food shortage, which may result in an energetic stress in the absence of sufficient alternatives [21].
In this context, the scavenging Lesser Black-backed Gull (Larus fuscus) is an ideal model for the study
of nutritional stress effects. This species is a generalist feeder, foraging on offshore surface prey like fish
and crustaceans as well as terrestrial food and urban refuse [22]. Individuals, however, have shown
varying degrees of specialisation in their feeding habits [23], which means that these dietary shifts and
restrictions are likely to have a spectrum of effects across individuals.
An aviary experiment was conducted during the 2015 breeding season where newly hatched
L. fuscus chicks were reared on a range of diets expected to induce different degrees of nutritional
stress through their different energetic values. Fluctuating asymmetry was then assessed for each
chick at the end of the experiment by measuring bilateral differences in three morphological traits:
the tarsus, wing and primary feather, analysed both independently and combined as multi-trait FA.
The low energy diets were expected to constitute significant levels of nutritional stress that impair
chick development. We aimed to assess if fluctuating asymmetry across the three measured traits
consistently reflected the nutritional stress exposure in developing L. fuscus chicks.
2. Materials and Methods
2.1. Experimental Manipulations
2.1.1. General Procedure
Adult Lesser Black-backed Gulls breed between March and August, with each pair usually laying
a clutch of 3 eggs [24]. 40 pipping eggs were collected from nests located in the port of Ostend, Belgium,
at three different periods in the breeding season: early (31 May 2015), intermediate (7 June 2015) and
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late (14 June 2015). Only one egg was taken per nest, being either the first or second laid egg in
order to avoid clutch effects [24]. The eggs were taken to aviary facilities located within the Wildlife
Rescue Centre Ostend (VOC Ostend, Belgium), where all the experimental procedures of this study
were carried out. The eggs were incubated until hatching (incubator settings: temperature = 37.5 ◦C,
humidity = 62%), upon which chicks were randomly assigned to a treatment group.
Newly hatched chicks of the same treatment were housed together under a heat lamp up to the
age of 3 days, at which point they were transferred to individual cages where they remained for the
rest of the experiment. The cages were 2 m long by 1 m wide by 0.5 m high and partially covered on
top and in front by an opaque plastic sheet to provide protection against the rain and wind. These
individual cages were all enclosed within a larger flying cage. The chicks were given their respective
diets four times a day and were regularly measured and sampled (described ahead). Each chick was
subjected to the experimental treatments until it reached the age of 30 days, when chicks of this species
usually start to fledge [25]. The experimental manipulations started at the beginning of June (when the
first chicks hatched) and continued up to the end of July (when the last chick turned 30 days old).
2.1.2. Diet Treatments
In order to induce nutritional stress, the chicks were subjected to treatments of different energy
levels via dietary manipulations. The diets consisted of a mix of marine and terrestrial-based food
fractions in different proportions, with one treatment receiving 80% of the marine and 20% of the
terrestrial fraction and the other receiving the reverse. The marine fraction was an equal mix (in
dry weight) of Cod (Gadus morhua), Atlantic Mackerel (Scomber scombrus) and Whiting (Merlangius
merlangus), whereas the terrestrial fraction was an equal mix (in dry weight) of dried mealworms
(Tenebrio molitor larvae), fried potato chips (i.e., crisps) and broiler chicken (Gallus gallus domesticus).
The terrestrial fraction was expected to have a higher energy density compared to the marine. Selection
of the food items included in each diet was based on previous knowledge of chick diet at the study site,
derived from composition analyses of regurgitates [26]. All food was homogenised and embedded
in gelatine to avoid selective feeding. Energy intake of the chicks was additionally manipulated
by providing a third treatment group with a restricted quantity of the high-energy, 80% terrestrial
food, amounting to the minimum caloric intake per feeding necessary for the growth of a developing
chick [27]. Sample size and resource limitations did not allow for a corresponding restriction treatment
on the lower energy, marine-based diet.
Three levels of nutritional stress were therefore defined by our treatments (Figure 1), hereafter
referred to as (i) Stress1 or “S1” receiving 80% terrestrial, 20% marine fraction in an unrestricted
amount; (ii) Stress2 or “S2” receiving 20% terrestrial, 80% marine fraction in an unrestricted amount;
and (iii) Stress3 or “S3” receiving 80% terrestrial, 20% marine fraction in a restricted amount. The S1
treatment was assumed to constitute the least nutritional stress and S3 the most, a ranking which was
validated by analysis of body size (at age of 30 days) and the energy ingestion over the duration of the
experiment (Figure 1).
Although the chicks were divided among these treatments upon hatching, the full diet regime
was imposed on them only from the third day of age onwards. Before that, they were fed a simplified
version of their respective diets (cod fillets for S2 and ground chicken for S1 and S3), all in an
unrestricted quantity. This was done in deference to ethical guidelines and code of conduct; the first
few days after hatching are critical for chicks and introducing the full treatments at this stage could
strongly impair their survival.
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Figure 1. Mean head length at 30 days of age (y‐axis) and mean total ingested energy (x‐axis) between 
age 3 and 30 days per treatment (circle = S1, triangle = S2 and square = S3). Standard error is given for 
both axes.   
2.1.3. Measurements 
Length of the head (from the external occipital protuberance to the tip of the bill) was regularly 
measured for each chick, starting from the day after hatching and following that twice a week (every 
3–5 days) up to 30 days of age. Measurements were carried out in duplicate to the nearest 0.01 mm 
using a digital calliper. These growth measurements were later regressed on age and the slope was 
taken as the growth rate for each chick. 
Measurements of bilateral traits, for the estimation of fluctuating asymmetry, were conducted 
at the age of 30 days. The left and right tarsi were measured for each chick from the intertarsal joint 
up to the base of the middle toe with a digital calliper, in duplicate per side to the nearest 0.01 mm. 
The left and right wings were measured with a ruler from the distal portion of the carpus up to the 
tip of  the primary  feathers,  in duplicate  to  the nearest 1 mm. After  these measurements,  the 10th 
primary feather of each wing was plucked and later measured to the nearest 1 mm by mounting on 
millimetre paper and  straightening  the  rachis with needles. Feather measurements were done  in 
triplicate, by remounting the apparatus each time to ensure independent measurements.   
A  final  total  of  32  chicks were measured  for  FA. However,  due  to  difficulties  in  obtaining 
primary feather samples from smaller sized chicks, particularly of the S3 treatment, the sample size 
for feather FA was reduced to 23.   
2.1.4. Animal Welfare 
All  the  experiments  were  carried  out  in  accordance  with  the  European/FELASA  ethical 
guidelines for  laboratory experimentation  in vertebrate animals [28]. In addition, every effort was 
made to improve the well‐being and condition of the hatchlings and minimise their stress. The chicks 
were housed  in  indoor enclosures at night under heat  lamps until the age of 10 days, or  longer  if 
deemed necessary. Individuals that had been exposed to the rain were kept under heat lamps or in 
incubators until dry. Chicks that showed any sign of illness were removed from the experiment and 
given veterinary care. At the conclusion of the experiment, the chicks were caged together with the 
wild gull chicks and  juveniles that were under rehabilitation at the VOC care facilities, in order to 
remove  the  effect  of  human  imprinting  caused  by  the  experiment. When deemed  fit,  they were 
released into the wild along with the other juveniles. 
2.2. Data Analyses 
2.2.1. Fluctuating Asymmetry Estimation 
Figure 1. Mean head length at 30 days of age (y-axis) and mean total ingested energy (x-axis) between
age 3 and 30 days per treatment (circle = S1, triangle = S2 and square = S3). Standard error is given for
both axes.
2.1.3. Measuremen s
Length of the head (from the external occipital protuberance to the tip of the bill) was regularly
measured for each chick, starting from the day after hatching and foll wing that twic a week (every
3–5 days) up to 30 days of age. Measurements were carried out in duplicate to the nearest 0.01 mm
using a digital calliper. These growth measurements were later regressed on age and the slope was
taken as the growth rate for each chick.
Measurements of bilateral traits, for the estimation of fluctuating asymmetry, were conducted
at the age of 30 days. The left and right tarsi were measured for each chick from the intertarsal joint
up to the base of the middle toe with a digital calliper, in duplicate per side to the nearest 0.01 mm.
The left and right wings were m sured wit a ruler from the distal portion of the carpus up to the
tip of the primary feathers, in duplicate to the nearest 1 mm. After these measurements, the 10th
primary feather of each wing was plucked and later measured to the nearest 1 mm by mounting
on millimetre paper and straightening the rachis with needles. Feather measurements were done in
triplicate, by remounting the apparatus each time to ensure independent measurements.
A final total of 32 chicks were measured for FA. However, due to difficulties in obtaining primary
feather samples from smaller sized chicks, particularly of the S3 treatment, the sample size for feather
FA was reduced to 23.
2.1.4. Animal Welfare
All the experiments were carried out in accordance with the European/FELASA ethical guidelines
for laboratory exp rimentation in vertebrate animals [28]. In addition, every effort was made to
improve the well-being and condition of the hatchlings and minimise their stress. The chicks were
housed in indoor enclosures at night under heat lamps until the age of 10 days, or longer if deemed
necessary. Individuals that had been exposed to the rain were kept under heat lamps or in incubators
until dry. Chicks that showed any sign of illness were removed from the experiment and given
veterinary care. At the conclusion of the experiment, the chicks were caged together with the wild gull
chicks and juveniles that were under rehabilitation at the VOC care facilities, in order to remove the
effect of human imprinting caused by the experiment. When deemed fit, they were released into the
wild along with the other juveniles.
2.2. Data Analyses
2.2.1. Fluctuating Asymmetry Estimation
The level and significance of FA in the measured traits were calculated by the restricted maximum
likelihood (REML) estimation of a mixed regression model, as described by Van Dongen et al. [29]. This
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procedure allows the separation of measurement error from bilateral asymmetry analysis. The presence
of directional asymmetry-a type of asymmetry that is biased towards one side being larger than the
other-was assessed by a t-test of the fixed effects, with degrees of freedom corrected for statistical
dependence by Satterthwaite formulas. The random intercepts and slopes (both estimated within
individuals) estimated the variation in individual trait value and the individual signed FA, respectively,
while the random error variance component gave the measurement error. The significance of FA
was then calculated by performing a likelihood ratio (LR) test comparing two models: the original,
full model and a reduced one without the side as a random effect. Absence of anti-symmetry-a
type of asymmetry that occurs in a random direction, producing a bimodal distribution over the
population-was verified by testing the signed FA for a normal distribution. The R package lmerTest [30]
was used for this mixed model estimation.
In order to increase the statistical power of detecting FA differences, FA values can also be
combined across multiple traits [31]. For this method, however, the traits need to be developmentally
independent. This was verified by checking the between-trait correlations of signed FA, which
were non-significant for all trait pairs (p > 0.05 for all). FA across the three traits were hence
pooled together by treating multiple traits as repeated measurements at the individual level (see [4]).
Multi-trait FA estimates were therefore obtained, where every individual had up to three measures of
fluctuating asymmetry.
Finally, the absolute, unsigned FA values were obtained and subsequently divided by mean
trait size per individual, in order to calculate the asymmetry relative to trait size. The between-trait
correlations of these FA values were then tested to check for presence of organism-wide asymmetry.
2.2.2. Hypothesis Testing
Relationships with fluctuating asymmetry of individual traits were assessed by linear models (lm
function in R). FA of each trait was individually modelled as the dependent variable against nutritional
stress level (S1, S2 or S3) as the main explanatory variable. Hatching period (early, intermediate or
late corresponding to the three collection batches) and growth rate of head length were added in the
models as covariates to account for variation in chick quality and in developmental speed caused by
the treatment, respectively. Interaction of stress level with hatching period was also included based on
a priori expectations [32].
Selection and estimation of explanatory variables were done using Akaike’s Information Criterion,
with the correction for finite sample size (AICc, [33]). First, a complete set of models with all possible
combinations of the above-mentioned parameters was obtained with the dredge function of the R
package MuMIn [34]. These models were ranked according to their AICc scores, with the lowest
score being the most parsimonious model. Model averaging was applied across the top models (with
∆AICc ≤ 2, ∆AICc being the difference between the AICc score of a model and the best model, [33]).
This procedure derives the parameter and error estimates from the weighted averages of these values
across the multiple selected models. By performing model averaging, the estimated coefficients of
the best explanatory variables and their relative importance (sum of the Akaike weights across all the
models in which a particular variable appears) are therefore obtained.
To study relationships with multi-trait FA, we performed mixed regression analysis with repeated
measure structure (i.e., treating trait as repeated measures at individual level), with the lme4 package
in R [35]. Multi-trait FA estimates were modelled on the same set of variables: stress level, hatching
period, their interaction, and growth rate as fixed factors. Individual was added as a random factor to
account for the fact that FA values of multiple traits per individual are not statistically independent.
Variable selection was performed as before, by averaging of the best models selected using AICc.
All analyses were performed using the public domain software R (Version 3.2.3, [36]) with its
integrated development environment software RStudio (Version 0.99.879, [37]).
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3. Results
3.1. FA Estimation
Estimation of FA by the mixed model produced consistently larger FA variance components as
compared to the error component (Table 1), indicating the presence of significant fluctuating asymmetry.
This was confirmed by the likelihood ratio test (p < 0.001 for all traits). The model also revealed the
presence of directional asymmetry in the tarsi (Table 1), with the right tarsus tending to be larger
than the left in the population. Directional asymmetry was absent for the primary feather and wing.
The signed FA values of each trait were normally distributed, confirming the absence of anti-symmetry.
Pairwise comparisons (Spearman’s rank correlation) of absolute, unsigned FA values produced no
significant correlations between traits (p > 0.05 for all).
Table 1. Descriptive statistics of fluctuating asymmetry estimation. The sample size (n), directional
asymmetry (mean (with standard error SE), t-statistic (with degrees of freedom df) and p-value),
random variance components of fluctuating asymmetry (VFA) and measurement error (VME), and the
results of the likelihood ratio test (χ2 and p-value) for each trait are given.
Trait n
Directional Asymmetry (DA) VarianceComponents
Likelihood Ratio
Test
Mean± SE t-Statistic (df) p VFA VME χ2 p
Feather 23 0.1594 ± 0.3942 0.404 (22.57) 0.690 3.48 0.14 166.90 <0.001
Tarsus 32 0.3702 ± 0.1780 2.080 (31.26) 0.046 1.01 0.01 222.46 <0.001
Wing 32 0.2500 ± 0.7354 0.340 (30.99) 0.736 16.74 0.56 118.47 <0.001
3.2. Feather FA
The mean feather FA (corrected for feather size) was highest for the S3 treatment
(0.039 ± 0.019 mm, Figure 2). AICc analysis produced a single best model within the criterion
(∆AICc ≤ 2), hence no model averaging was performed. This top model contained stress level,
hatching period and their interaction as the parameters explaining the variation in feather FA. The
interaction was further examined with pairwise estimates of FA between stress treatments taken per
hatching period (Table 2). Stress treatment effects on feather FA seemed to be reduced in intermediate
hatched chicks, while early hatched chicks showed increased FA under the highest stress treatment
(S3). Late hatched chicks had increased FA under moderate stress (S2) itself; however, feather samples
of the late hatched S3 chicks were absent.
Table 2. Modelled estimates, standard error (SE) and upper and lower 95% confidence intervals (CI) of
feather FA for pairwise contrasts of stress (i.e., difference between stress treatments), given per hatching
period. Missing values for the late hatching period are due to the absence of feather samples of the late
hatched S3 chicks.
Treatment Contrast Hatching Period Estimate (SE) Lower CI Upper CI
S1–S2 Early −0.0121 (0.0067) −0.0296 0.0055
S1–S3 Early −0.0635 (0.0101) −0.0898 −0.0373
S2–S3 Early −0.0515 (0.0107) −0.0792 −0.0238
S1–S2 Intermediate −0.0069 (0.0067) −0.0244 0.0106
S1–S3 Intermediate −0.0133 (0.0084) −0.0351 0.0086
S2–S3 Intermediate −0.0063 (0.0077) −0.0264 0.0137
S1–S2 Late −0.0563 (0.0107) −0.0840 −0.0286
S1–S3 Late \ \ \
S2–S3 Late \ \ \
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S1–S3  Late  \  \  \ 
S2–S3  Late  \  \  \ 
3.3. Tarsus FA 
Figure 2. Size-corrected F values of the feather (a); tarsus (b); and ing (c) per stress treat ent.
ean (dotted line), edian (solid line) and 1st and 3rd quartile (lower and upper hinges of the box) of
each treatment are shown. The whiskers correspond to the lowest and highest values that are ithin
1.5 ti es t e i ter- artile ra e; al es tsi e t is ra e are re rese te i ts. a le size ( )
f e c tre t e t is i e e t e .
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3.3. Tarsus FA
FA of the tarsus did not show large variations among treatments (Figure 2). Averaging of
the top three models for tarsus FA retained all model parameters, each having a low importance
however (Relative variable importance: Stress = 0.24, Hatching Period = 0.24, Growth Rate = 0.28,
Stress*Hatching Period = 0.24). As before, the interaction was examined with pairwise estimates per
hatching period (Table 3). FA did not show a clear and consistent relationship with stress across the
hatching periods. Early hatched chicks appeared to have increased FA levels only with high stress (S3),
whereas late hatched chicks showed increased FA at moderate stress levels (S2), with no significant
difference between lowest and highest stress treatments (S1 and S3). Intermediate hatched chicks did
not differ in FA in relation to stress levels (Table 3).
Table 3. Modelled estimates, standard error (SE) and upper and lower 95% confidence intervals (CI)
of tarsus FA for pairwise contrasts of stress (i.e., difference between stress treatments), given per
hatching period.
Treatment Contrast Hatching Period Estimate (SE) Lower CI Upper CI
S1–S2 Early 0.0072 (0.0133) −0.0262 0.0406
S1–S3 Early −0.0325 (0.0193) −0.0809 0.0160
S2–S3 Early −0.0397 (0.0140) −0.0749 −0.0044
S1–S2 Intermediate −0.0002 (0.0127) −0.0320 0.0316
S1–S3 Intermediate −0.0034 (0.0199) −0.0533 0.0465
S2–S3 Intermediate −0.0032 (0.0111) −0.0311 0.0246
S1–S2 Late −0.0229 (0.0229) −0.0805 0.0347
S1–S3 Late 0.00001 (0.0227) −0.0571 0.0571
S2–S3 Late 0.0229 (0.0106) −0.0037 0.0494
3.4. Wing FA
The highest mean wing FA (size-corrected) was again found in the S3 treatment (0.033± 0.009 mm,
Figure 2). Wing FA values were square root transformed prior to analysis in order to meet the
assumptions of normality and homoscedasticity of model residuals. The average of the top three
models contained stress, hatching day and growth rate as the explanatory variables (Relative variable
importance: Stress = 0.25, Hatching Period = 0.76, Growth Rate = 0.75). FA appeared to have a positive
relationship with stress (Table 4); confidence intervals, however, indicate non-significant effects.
Table 4. Modelled estimates, standard error (SE) and upper and lower 95% confidence intervals (CI)
of wing FA for pairwise contrasts of stress (i.e., difference between stress treatments). Values are
averaged over the hatching period here, as the stress-hatching period interaction was not retained as a
model parameter.
Treatment Contrast Estimate (SE) Lower CI Upper CI
S1–S2 −0.0238 (0.0567) −0.1648 0.1172
S1–S3 −0.0693 (0.0803) −0.2689 0.1303
S2–S3 −0.0456 (0.0385) −0.1414 0.0502
3.5. Multi-Trait FA
FA values were combined across traits to study relationships with multi-trait FA estimates. AICc
analysis yielded a single best model, which was the intercept model. Hence, none of the explanatory
variables were selected to explain variation in FA when combined across traits.
Symmetry 2016, 8, 133 9 of 12
4. Discussion
The central hypothesis tested in our study was that increased levels of nutritional stress (induced
by energetic constraints) would result in more asymmetric growth at the organism-wide level. Chicks
of the most stressed treatment (S3) did indeed have the highest levels of FA overall (Figure 2), and
statistical analysis showed that FA was associated positively with stress for the feather, in accordance
with our predictions. However, we were unable to establish conclusive, linear relationships between
stress and FA for the wings, tarsi and multi-trait estimates. Lack of concordance between traits was
further seen in the absence of between-trait correlations in unsigned FA values. Therefore, while the
degree of fluctuating asymmetry does appear to reflect energetic stress exposure in developing chicks,
FA-stress relationships were not uniform across traits.
The tarsus is a relatively well-studied trait for fluctuating asymmetry in birds, and has been
previously linked to a number of different stressors (see [38,39] for examples). The similar levels
of tarsus FA between our stress treatments (Figure 2), and its mixed and mostly non-significant
relationships with stress across the different hatching periods (Table 3) are therefore surprising and
contrary to expectations. Furthermore, although wing FA showed a positive relationship with stress,
confidence intervals indicate that this relationship is unreliable (Table 4). This heterogeneity between
traits likely resulted in the failure to detect any FA-stress relationships using the multi-trait approach.
Trait-specific asymmetry patterns are in agreement with previous findings (see [11,12]) and may be
attributed to several (non-mutually exclusive) causes.
First and foremost, different traits can have variable responses to stress. For instance, the
compensational growth hypothesis (sensu [40]) proposes that the stage of ontogeny at which a trait
is exposed to stress can influence the manifestation of FA across it. According to this hypothesis,
regulatory mechanisms between the two sides of a trait work to restore trait symmetry towards the
end of development. Among the studied traits, the tarsi were fully grown (or close to) in most chicks
at the time of measurement, which means that compensational growth could have restored their
bilateral symmetry. Conversely, the wings and primary feathers were still developing at the end of our
experiment and hence would have been more likely to be asymmetrical. However, compensational
growth is just one of the mechanisms proposed to describe the ontogeny of FA, and many studies have
found evidence contrary to it (see [41,42] for examples).
Similarly, heterogeneous trait responses may be explained by the concept of “windows of
opportunity” [43]. A trait is said to be vulnerable to environmental stressors only during certain
developmental stages, leading to the production of visible aberrant phenotypes. These windows of
opportunity may vary among traits [43,44]; the tarsi and wings may have experienced only restricted
levels of energetic stress during the vulnerable period of their development. However, given that
stress exposure was nearly constant throughout our experiment, this is not a very likely explanation
of our results. Alternatively, Aparicio and Bonal [45] proposed that the structural composition of a
trait may affect relationships between stress and FA as well. In particular, traits with more structural
components per unit length may be less likely to manifest fluctuating asymmetry.
Trait-specific susceptibility to FA may also be related to the functional importance of a
trait [10,44,46]. Traits of higher functional value should be subjected to stronger stabilizing selection,
as minor reductions in their symmetry can impose a substantial fitness cost. These will therefore
be less susceptible to developmental perturbations [10]. For instance, Gummer and Brigham [47]
found lower degrees of asymmetry in traits having a higher role in mobility in Little Brown Bats
(Myotis lucifugus). All traits measured in our study were related to mobility, i.e., tarsi for walking and
wing and feathers for flight. However, the primary feathers and wings may have been of relatively
lower functional importance in young chicks yet to fledge, as compared to tarsi. If so, the latter
can be expected to be more strongly buffered against the nutritional stress, hence weakening the
FA-stress relationships. Furthermore, Boonekamp et al. [48] have suggested that functional traits
that are sensitive to developmental conditions may still be poor fitness predictors, given that their
development is likely to be more strongly canalized.
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Finally, inconsistent results may arise from problems with statistical analysis or experimental
design. We acknowledge that our sample sizes (Figure 2) were on the low side for study of
relationships with fluctuating asymmetry, and the latter should therefore be interpreted with some
caution. In particular, the feather sample size of the S3 treatment was very small (three individuals) as
compared to the other groups, which may have biased the analysis of this trait. However, we believe
that, overall, our statistical analyses were biologically and statistically sound. FA variance components
were significantly larger than the error components in the mixed model estimation (Table 1), indicating
the absence of measurement bias. This model also accounted for directional asymmetry, which may
otherwise confound the FA estimation [29]. Our results are also unlikely to be compromised by
experimental flaws, total energy ingestions and body sizes of the chicks (Figure 1) verify that our
treatments were sufficient to induce different stress levels. Moreover, being an experimental study,
it is less likely to be confounded by unknown environmental factors. Therefore, the heterogeneous
FA-stress relationships in our results appear to be at least partly real, rather than artefacts.
5. Conclusions
Our study showed increasing levels of FA with nutritional stress exposure in developing Lesser
Black-backed Gull hatchlings, demonstrating its potential as marker of stress. The increased feather
asymmetry can have direct consequences on flight performance [49], and may be indicative of a
potentially impaired future fitness. However, the heterogeneity seen across different traits and apparent
absence of organism-wide asymmetry indicate that FA does not consistently reflect developmental
stability or fitness. Its success as a stress indicator may therefore depend on the ‘correct’ trait(s) being
studied. Further experimental research remains necessary to understand and explain the manifestation
of stress-induced developmental instability as FA in different traits before it can be considered a
reliable biomarker.
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